An excess Gibbs free energy model is applied to in®estigate the influence of n-paraffin
Introduction
The presence of naturally occurring long-chain saturated aliphatic hydrocarbons in crude oil can cause wax precipitation and deposition problems in petroleum transport pipelines and processing equipment. According to the U.S. DOE Ž . 2001 , remediating subsea pipeline blockages caused by wax deposition can cost $1 million per mile. Incipient wax-oil gel deposits contain a significant fraction of occluded oil within a Ž . solid crystalline wax matrix Singh et al., 1999 . In-pipe temperature gradients cause the deposits to age, whereby the wax Ž . content increases with time Singh et al., 2000 . The aging process causes paraffin deposits to harden and become difficult to remove by conventional mechanical methods. The mechanism of aging has been demonstrated to be due to continuous diffusion of long-chain n-paraffin molecules from the Ž . bulk oil into the gel matrix Singh et al., 2000 . A secondary mechanism thought to be responsible for the hardening of Ž . paraffin deposits is Ostwald ripening. Coutinho et al. 2003 have demonstrated that this phenomenon, whereby smaller paraffin crystals recrystallize, leads to an increase in the average crystal size and rheological strength of a wax-oil gel. In the present work the term ''aging'' refers exclusively to the increase in wax content of wax-oil gel deposits.
Crude oil consists of a complex mixture of hydrocarbon components including saturates, aromatics, resins, and asCorrespondence concerning this article should be addressed to H. S. Fogler. phaltenes. Waxes derived from crude oil are typically classified as either macrocrystalline or microcrystalline waxes. Macrocrystalline waxes consist of primarily straight-chain paraffin components, while microcrystalline waxes also contain a high proportion of branched and cyclic hydrocarbons Ž . Hansen et al., 1991 . Wax deposits recovered from crude oil pipelines have been found to be enriched in n-paraffin com-Ž . ponents Roehner et al., 2002 . It has been demonstrated that continuous distributions of C q n-paraffin components form 19 a single orthorhombic solid solution, where the molecular packing identity period along the long c-axis is quasi-equal to the average length of the n-paraffin molecules in the solid Ž . phase Dirand et al., 1998 . 
Wax Deposition Phenomena
When a waxy crude oil comes into contact with a cold Ž . ; 4ЊC sub-sea pipeline wall, the heavier n-paraffin fractions precipitate out of solution and form growing orthorhombic crystals. The n-paraffin crystals flocculate during crystallization, forming a thin incipient gel layer on the pipeline wall. The interlocking crystal matrix entraps liquid oil within the gel, and serves as a porous media allowing for diffusion of n-paraffin components between the bulk oil in Ž the pipeline and the liquid phase of the gel deposit Singh et . al., 2000 . Heavy n-paraffin components are driven by a solu-bility difference from the bulk oil into the gel deposit, while light n-paraffin components diffuse from the liquid phase of the gel deposit to the bulk oil. Rigorously, the highest carbon number of the n-paraffin components diffusing out of the gel Ž deposit is defined to be the critical carbon number Singh et . al., 2001 . Diffusion of wax molecules into the gel deposit leads to subsequent precipitation of high molecular weight n-paraffin components within the gel matrix. Hence, the aging process causes an increase in the solid phase fraction of the deposit, resulting in a more rigid gel. The overall wax deposition process can be summarized by the following steps:
Ž . 1 Formation of an incipient gel layer on the cold surface, due to rapid precipitation of n-paraffin molecules.
Ž .
2 Diffusion of n-paraffin molecules having a carbon number greater than the critical carbon number to the gel layer from the bulk.
3 Precipitation of n-paraffin molecules at the interface, increasing the gel layer thickness.
Ž . 4 Penetration of n-paraffin molecules through the liquid phase of the gel matrix.
Ž . 5 Precipitation of the diffused n-paraffin molecules inside the deposit, increasing the solid fraction of the gel.
Ž . 6 Counterdiffusion of n-paraffin molecules having a car-Ž . bon number lower than the critical carbon number CCN out of the gel layer.
The counterdiffusion aging process of wax deposits has the effect of shifting the total n-paraffin distribution of the gel towards higher carbon numbers. By analyzing the n-paraffin composition of a gel deposit over time, one can determine the CCN, which is a manifestation of the relative solubility of n-paraffin components in the liquid phase of the gel deposit. As such, the CCN is a thermodynamic construct independent of the kinetics of n-paraffin crystallization. The CCN concept provides a useful probe for paraffin stability screening in real crude oils, as a numerical CCN value can be quickly and accurately determined without modeling the complex crystallization kinetics occurring in lab-scale wax deposition devices.
The CCN concept has wide applicability in paraffin prevention and remediation. The molecular weight distribution of an aged wax deposit is a strong function of its critical carbon number. Selection of effective chemical wax deposition inhibitors is dependent on crude oil properties and is tailored to the molecular weight distribution of the wax deposit. Hence, the CCN has the potential to be used as an important criterion for inhibitor selection. Various physical and chemical properties of wax deposits are also functions of the critical carbon number. A higher CCN yields a mechanically harder wax with a higher melting point, as well as a lower solubility in typical wax solvents. Therefore, the CCN can be also used as a selection criterion of solvent packages for wax cleaning in well tubing and downhole treatment operations. Ž Mechanical removal specifications of wax deposits such as . pigging operations are dependent on deposit hardness. The design of a pig for a soft deposit differs substantially from that of a hard deposit. Optimum operating pressures and flow rates also vary with deposit hardness. Hence, knowledge of the CCN of a waxy crude oil system is beneficial in the design of pigging operations.
The CCN is dependent on several factors, including tem-Ž . perature, pressure, and oil composition. Singh et al. 2001 have demonstrated using simple model oils that the CCN increases nearly linearly with gel temperature, and found ex- Distribution slopes corresponding to recurrence constants used in this work are plotted for reference.
perimental CCN values in the mid to upper 20s. In this article we describe the influence of n-paraffin composition on observed CCNs in wax deposition systems. Model oils consisting of only n-alkanes are used in order to gain insight into the aging phenomena, while avoiding complications associated with co-precipitation and analysis of high molecular weight functionalized hydrocarbons. Components such as aromatics, naphthenics, resins, and asphaltenes certainly influence the crystallization kinetics and solidrliquid equilibrium of n-paraffin components in crude oil, and will be investigated in a future study.
Singh's depositional studies employed model oils consisting Ž of a commercial paraffin wax dissolved in a mineral oil Singh . et al., 2000 or in a single component solvent such as dode-Ž . cane Singh et al., 2001 . The carbon number distribution of a simple model oils does not reflect the n-paraffin distribution of real crudes, which are known to exhibit decreasing exponential n-paraffin distributions through the carbon num-Ž . Figure 1 . The models oils used in the current work attempt to represent realistic n-paraffin carbon number distributions, in order to elucidate the relationship between the paraffin composition of a crude oil and its deposition behavior. chased from Fluka and had a melting point of 44᎐46ЊC. The remaining paraffin waxes were purchased from Aldrich and had melting points of 52᎐58ЊC, 58᎐62ЊC, 65ЊC, and 73᎐80ЊC. The n-paraffin compositions of the waxes were determined using an Agilent 6890 high temperature gas chromatograph with a 0.25 m fused silica stationary phase and an FID detector. The n-paraffin carbon number distributions of the waxes are tabulated in Table 1 , and the carbon number distribution of the highest melting wax is shown on a semi-logarithmic scale in Figure 2 .
Formulating decreasing exponential distributions of n-paraffins
Due to the difficulty in obtaining long chain-length single component n-paraffins, a novel method was developed to use commercial paraffin waxes to formulate model oils with decreasing exponential carbon number distributions from n-C 9 to n-C , typical of subsea reservoir crude oils. The approach 53 exploits the high-end ''tail'' distributions observed in commercial paraffin waxes. As is evident from Figure 2 , the highest melting paraffin wax contains a region from n-C to n-C 46 53 with the desired decreasing exponential n-paraffin distribution. By combining several paraffin waxes, and employing solid-liquid equilibrium behavior to remove excess compo- nents, the ''decreasing exponential'' regime can be extended to carbon numbers in the mid-20s. Single component shortchain n-alkanes of carbon number 26 or less comprise the remainder of the model oil. The process of formulating model oils consisting of decreasing exponential n-paraffin distributions can be summarized by the following steps: Ž . 1 Combination of calculated proportions of available paraffin waxes yielding approximate decreasing n-paraffin fractions from n-C to n-C q.
53
Addition of single component n-paraffins from n-C to 9
; n-C in calculated quantities to fit upper range of de-
in excess abundance. A cold finger assembly is placed in the model oil solution, such that high carbon number n-paraffin components preferentially ''deposit out'' out of solution. The solution composition is continuously monitored until a linear plot of the weight fraction vs. n-paraffin carbon number is achieved on a semi-logarithmic scale, as shown in Figure 3 . The process described can be quite arbitrary, and, as a result, a significant amount of tailoring is required to formulate decreasing exponential n-paraffin distributions. The distribution of n-paraffin components in the model oils can be characterized in terms of the weight fraction by the following re-Ž . currence relationship Pauly et al., 1998
Model oils containing a single decreasing exponential distribution of n-paraffin components can be defined entirely in terms of the recurrence constant ␣ and the respective carbon number range. Using the five available paraffin waxes, two decreasing exponential n-paraffin distributions were formulated, corresponding to ␣ s 0.78 and ␣ s 0.86. Subsequently, a number of model oils were prepared by varying the lower carbon number limits of the two distributions. For the ␣ s 0.86 distribution, model oils were prepared with lower carbon number limits of n-C , n-C , n-C , and n-C . For the ␣ s The n-C q fitted recurrence constant ␣ equals 0.86.
16
tribution shape and lower end composition. Recognizing that crude oil n-paraffin distributions vary widely in the low carbon number range, a model oil was formulated with a uniform distribution of n-paraffin components in the range n-C 9 to n-C and an exponential decreasing distribution of ␣ s 16 0.86 in the range n-C to n-C . A semi-log plot of this com- 16 53 position is illustrated in Figure 4 .
Cloud point measurements
The only significant hydrocarbon components present in the formulated model oils are n-paraffins, and, as such, yield clear solutions above the wax appearance temperature Ž . WAT . The WAT represents the solubility limit of the heaviest n-paraffin components in an oil solution, and is com-Ž . monly referred to as the cloud point Venkatesan et al., 2002 . Because n-paraffin solutions are clear above the WAT, accurate cloud point measurements of model oils can be performed visually. The error in this method of cloud point determination is estimated to be "3ЊC.
Visual cloud point determination was performed for the formulated model oils by cooling a vial of the model oil in a water bath at 1᎐2ЊC per min and observing the solution turbidity. Cloud points in the range of 42ЊC to 71ЊC were measured. The observed cloud points decrease with the presence Ž . of low carbon number n-paraffin components Figure 5 , due to the diluting effects of solvent addition as well as the increased solvent strength associated with low carbon number components. The cloud point of the model oil with a uniform distribution of n-paraffin components from n-C to n-C and 9 1 6 a decreasing exponential carbon number distribution from Ž . n-C to n-C ␣ s 0.86 was determined to be 57 "3ЊC.
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Wax deposition experiments
A laboratory-scale deposition apparatus called a cold finger was used to simulate wax deposition in crude oil pipelines. The cold finger consists of a temperature controlled steel cylinder immersed in a solution of the model oil. The model oil is contained in a jacketed beaker, such that the temperature of the bulk solution is maintained above the cloud point. A stirrer is placed in the bottom of the vessel to facilitate mixing. Ideally, the model oil is circulated through a large Ž . volume )10 L reservoir to ensure that depletion of longchain n-paraffin components does not occur. However, because a large quantity of the formulated model oils was not available, a reservoir was not used.
In order to maintain consistency in the deposition experiments, a cold finger wall temperature of 15"1.0ЊC was maintained for all experimental runs. The temperature of the bulk fluid was maintained at 10ЊC above the corresponding cloud point temperature of the model oil, or slightly higher, if necessary, in order to inhibit bulk crystallization. In each cold finger experiment, a deposit sample was recovered from the cold finger at either 7 or 9 h, and analyzed using gas chromatography.
CCN determination
Incipient wax-oil gel deposits form by precipitated wax crystals entrapping the liquid phase of an oil solution during flocculation. The composition of an incipient gel layer is Ž . identical to the bulk oil composition Singh et al., 2001 . After an incipient gel layer is formed, the counterdiffusion aging process begins, manifested by a changing n-paraffin composition of the gel deposit. By plotting the aged gel composition along with the composition of the incipient gel, it is readily observed that short n-paraffin molecules have diffused out of the gel, and that long n-paraffin molecules have diffused into the gel. Hence, the point at which the incipient and aged gel compositions cross defines the critical carbon number for a particular deposition experiment. Figure 6 shows the incipient gel and aged gel compositions of a model oil composed of n-C to n-C characterized by a 15 53 recurrence constant of ␣ s 0.86. By subtracting the incipient gel composition from the aged gel composition, Figure 7 shows relative diffusion rates of the n-paraffin components.
In this case, n-paraffin components shorter than 24 carbon units have diffused out of the gel, and vice versa. Hence, the critical carbon number is 24. The porous structure of the gel matrix facilitates diffusion of n-paraffin components between the bulk oil and the liquid Cold finger temperatures 15ЊC.
phase of the gel deposit, and the diffusion rate of n-paraffin components into the gel is highly dependent upon the solid Ž . fraction of the incipient gel deposit Singh et al., 2000 . Hence, a deposit with high initial solid fraction will age at a slow rate. For example, the model oil composed of n-C to n-C 18 53 characterized by ␣ s 0.86 shows very little diffusion at 7 h, due to the high initial solid fraction of the incipient gel, although a critical carbon number is evident, as illustrated in Figure 8 . For model oil compositions described by ␣ s 0.86, it was found that the presence of short n-alkanes resulted in an increase in the experimentally observed CCN, ranging from CCNs 22 for a lower carbon number limit of 18 to CCNs 26 for a lower carbon number limit of 9. For model oil compositions described by ␣ s 0.78, the experimentally observed Cold finger temperatures 15ЊC.
CCNs17 for a lower carbon number limit of 14, and CCNs 21 for a lower carbon number limit of 18. Experimentally observed critical carbon numbers are plotted vs. the lower limit carbon number of the model oil in Figure 9 .
The model oil with a uniform distribution of n-paraffin Ž components from n-C to n-C and a subsequent decreas- critical carbon number and incipient solid-phase fraction, is modeled using solid-liquid equilibrium theory, as described in the following section.
Thermodynamic paraffin deposition modeling
A number of solid-liquid phase equilibrium models have been developed for paraffin solutions. Holder and Winkler Cold finger temperatures 15ЊC.
Ž . 1965 applied ideal solution theory to binary n-alkane mixtures and obtained qualitative agreement with observed cloud Ž . point behavior. Won 1986 proposed an alternative to ideal solution theory in which component solid-and liquid-phase activity coefficients are estimated using a modified regular solution theory, and successfully performed three-phase equilibrium calculations for broad hydrocarbon distributions. Ž . Pedersen et al. 1991 extended this model by accounting for liquid-and solid-phase heat capacities and by relating paraffin component solubility parameters to the respective num-Ž . ber of molecular carbon atoms. Hansen 1988 applied generalized polymer solution theory to account for liquid phase nonidealities in crude oil mixtures. Hansen's model assumes a solid-phase activity coefficient of unity, and includes a subcooling contribution based on surface energy effects to empirically correlate wax appearance temperatures. Ungerer et Ž . al. 1995 in studying wax precipitation from high-pressure condensate fluids employed a cubic Peng-Robinson equation of state with classical van der Waals mixing rules to equate liquid-and solid-phase component fugacities. This approach allows for modeling of paraffin crystallization at high pressures.
Ž . Coutinho et al. 1995 embarked on a comprehensive investigation of liquid-phase activity coefficient models for alkane mixtures. It was concluded that a free-volume contribution to the liquid-phase activity coefficient is necessary, and is not accurately accounted for in the original Flory-Huggins model, regular solution theory, ideal solution theory, modified UNIFAC, or the original Entropic free-volume model. The Flory free-volume and a modified Entropic free-volume model were deemed to be the most appropriate models. Ž . In accounting for solid-phase interactions, Coutinho 1999 proposed using a predictive local composition model to estimate the excess Gibbs free energy of the solid phase. A modified version of the UNIQUAC model relates the solid-phase activity coefficient to the pair interaction energies between pure n-alkane molecules in the orthorhombic phase. Singh et Ž . al. 2001 attempted to optimize this model to fit experimental solid-phase compositional data, and employed thermody-namic calculations to successfully predict the aging characteristics of simple wax-oil gels. In the present work, Coutinho's model is applied to decreasing exponential n-paraffin distributions, and is able to predict CCN dependencies for representative decreasing exponential n-paraffin distributions. The model is described in detail in the following sections.
Solid-liquid equilibrium
Solid-liquid-phase equilibrium in multicomponent solutions is rigorously expressed as the convergence of component fugacities in the solid and the liquid phase. Solid-and liquid-phase activities can be related to pure component Ž standard fugacities by the fundamental relation Pauly et al.,
. 1998 
Liquid-phase acti©ity coefficient correlations
The liquid-phase activity coefficient of an ith component is the product of two contributions: a combinatorial portion accounting for entropic effects of size difference and free volume and a residual portion accounting for energetic interactions among components
Saturated aliphatic hydrocarbon mixtures behave nearly athermally, indicating that the component activity coeffi-Ž . cients are temperature independent Singh et al., 2001 . Thus, the residual contribution to the liquid-phase activity coeffi-Ž 
Solid-phase acti©ity coefficient correlations
Solid-phase activity coefficient correlations are obtained from a modified version of the local composition model UNI-QUAC, permitting solid solution equilibrium calculations. The working UNIQUAC relation can be expressed as Ž . Abrams and Prausnitz, 1975 volume and area of a ''unit of interaction'' between two n-Ž . paraffin molecules Coutinho, 1999 . In order to determine r i and q , a representative number of methylene units for i solid-phase interactions must be assumed. To maintain con-Ž . sistency with previous work Singh et al., 2001 , we chose an empirical approach defining the interaction unit as being composed of 10 methylene subgroups. Correlations for r and i Ž . q based on this assumption are provided by Coutinho 1999 . i From the Gibbs free energy estimation, the logarithm of the ith component activity coefficient is calculated by differentiating the free energy with respect to n i
In this relation, n is the total number of moles of the bulk oil, n is the number of moles of component i and
Theoretical calculations
The solid-liquid equilibrium model computes the solid-Ž . phase fraction f , as well as the liquid-and solid-phase s Ž . compositions x and s for each i of a paraffin mixture at a i i specified temperature. Because the solid phase activity coefficient is correlated using a local composition model, multisolid phases are computed. An iterative multiphase flash al-Ž . gorithm as described by Leivobici and Neochil 1995 , is used to numerically solve Eqs. 2, 3, 4, and 9 and obtain phase compositions from a given model oil composition. Theoretical solid-and liquid-phase compositions were calculated for a variety of decreasing exponential n-paraffin distributions at corresponding temperature conditions of 15ЊC and 25ЊC. Figure 11 illustrates the liquid-and solid-phase compositions of a gel obtained from a model oil consisting of a decreasing Ž exponential distribution of components n-C to n-C ␣ s 15 52 . 0.86 , at 25ЊC. A well-defined CCN value of 23 is evident from the theoretical-phase compositions, and an 18.6% incipient solid-phase fraction is computed by the thermodynamic model.
Phase composition calculations were performed for model oil compositions described by ␣ s 0.70, 0.72, 0.74, ...0.96, and 0.98. For each recurrence constant ␣ , the lower limit carbon number of the input distribution was varied from n-C , n-C , 9 1 0 ... n-C . Hence, a large number of permutations of theoreti-18 cal compositions were calculated, allowing for thorough analysis of CCN dependencies. Phase composition calculations were performed for theoretical paraffin mixtures composed of a uniform distribution of n-paraffin components from n-C 9 Ž . to n-C , and a decreasing exponential distribution ␣ s 0.86 n of n-paraffin components from n-C to n-C , where n was n 52 varied from 9 to 16. Figure 12 illustrates the calculated liquid-and solid-phase compositions for the case where ns16.
Theoretical CCN values and incipient solid-phase fractions from all phase calculations are tabulated in the Tables 2᎐4. An analysis of the solid-liquid equilibrium computations indicates that addition of short n-paraffin components to a model oil causes an increase in the theoretical CCN and a decrease in the incipient solid fraction of a wax-oil gel. Figures 13 and 14 illustrate theoretical CCN and incipient solid-phase fraction dependencies on the lower limit carbon number for n-paraffin distributions corresponding to ␣ s 0.86 and ␣ s 0.78, respectively, at 25ЊC. Figure 15 illustrates the theoretical effect of varying the recurrence constant ␣ , while keeping a fixed carbon number range from n-C to n-C . The results show an expected decrease in the CCN with increasing ␣ , as well as an increased incipient gel solid fraction. Similar trends are observed for carbon number ranges n-C to n-C , n-C to n-C , and so on. Trends in theoretical CCN and incipient solid fractions were also investigated for n-paraffin distributions with uniform lower end component distributions. Figure 16 provides resultant CCN and solid fraction variations. As the carbon number at which the distribution shifts from ''uniform'' to ''decreasing exponential'' varies from 9 to 16, the theoretical CCN shows a slight decrease and the incipient solid fraction shows an increase. 9  2 9  2 9  2 9  2 9  2 8  2 8  2 8  2 7  2 7  2 6  2 6  2 5  2 5  2 5  2 5  10  29  29  28  28  28  27  27  26  26  26  25  25  25  25  25  11  28  28  28  28  27  27  26  26  25  25  25  25  25  25  25  12  28  28  27  27  27  26  26  25  25  25  24  24  24  25  25  13  27  27  27  26  26  26  25  25  24  24  24  24  24  24  25  14  27  27  26  2622  22  22  22  23  23  23  23  24  18  22  22  21  21  21  21  22  22  22  22  22  23  23  23 
Correlating theory and experiment
The thermodynamic solid-liquid equilibrium model calculates the distribution of n-paraffin components between the liquid and solid phases of an incipient gel deposit formed on a cold surface. Theoretical equilibrium compositions provide a critical carbon number to distinguish which paraffin components are favored to diffuse into and out of the liquid phase of the gel deposit in the aging process. Thermodynamics cannot predict mass transfer or internal gel precipitation rates, which are highly dependent on carbon number. Absent accurate kinetic precipitation, gel permeation, and external mass transfer correlations for n-paraffin components, the time evolution of deposit compositions, cannot be predicted a priori. Hence, the critical carbon number correlates experimental and theoretical deposit composition data. The largest uncertainty in correlating deposition results with calculated equilibrium compositions lies in representing an appropriate temperature condition of the coldfinger gel deposit. The gel ( ) Table 3 . Theoretical Incipient Solid Fractions in wt. % for Decreasing Exponential n-Paraffin Composition from n-C to n-C , with Corresponding Recurrence Constant 
Conclusions
The applicability of the critical carbon number methodology to describe the aging process of wax-oil gel deposits has been demonstrated for model oils consisting of n-paraffin carbon number distributions emulating those observed in real crude oils. Experimentally observed CCN values were largely expected for model oils containing n-paraffin compositions described by ␣ s 0.86. As light n-alkane components are added to a model oil solution in an increasing proportion, carbon numbers in the mid C 's gain solubility in the liquid 20 phase, causing an increase in the critical carbon number. Thermodynamic equilibrium calculations generally suggest a decrease in the incipient solid-phase fraction of a wax-oil gel with the addition of light n-alkane components in the model oil solution. Unexpected CCN dependencies were observed for the steep n-paraffin distributions represented by ␣ s 0.78. The experimentally observed CCN was found to decrease sharply when components n-C , n-C , n-C , and n-C were included in the model oil solution described by ␣ s 0.78. The current theoretical model assuming thermodynamic equilibrium in the gel deposit does not capture this trend.
Experimental deposition results hold several implications in regard to managing paraffin deposition in subsea petroleum pipelines. It is evident that the C q fraction of a crude oil is 19 not a universal measure of paraffin deposition tendency. The critical carbon number establishes an accurate limit to the range of paraffin components that contribute to the deposition and aging process. CCN values may vary considerably for different crude oil compositions and pipeline conditions. For the prediction of wax deposition rates in field systems, the critical carbon number should be considered alongside bulk oil and wax deposit compositions. A well-designed lab-scale deposition experiment using a real crude sample may be able to quickly and accurately determine the critical carbon number in a field pipeline system, provided temperature conditions are matched. Real pipeline CCN values can be confirmed by analysis of retrieved wax deposit compositions. Effective chemical wax inhibitors should be targeted to n-paraffin components with carbon numbers higher than the CCN value. Inhibitors targeted to n-paraffin carbon numbers below the CCN will be ineffective in slowing the aging process. In any case, an observed CCN of a crude oil must be considered in a broader context along with the observed deposition kinetics, as well as the shear and temperature gradient conditions within the pipeline.
Laboratory model oil deposition experiments are not directly applicable to pipeline deposition cases. Wax deposits obtained from coldfinger devices form in decaying helical laminar flow fields that cannot be scaled-up to pipeline flow patterns. However, observed trends in CCN values obtained from model oils are instructive in understanding the thermodynamics underlying the aging process of wax-oil gel deposits.
